Introduction
Over the past decades, there have been increasing interests on the electrical discharges in contact with liquid, which is due to their potential applications in various fields, such as environmental protection, biomedical science, agriculture and nano-scale materials synthesis [1] [2] [3] [4] . Deep understandings to the complex multi-phase discharges due to the involvement of water vapor are crucial for promoting their various actual applications [5] [6] [7] . The characteristics of the discharges in contact with liquid are dependent on various factors, such as compositions of the plasma forming gases, nature of the liquid, power input, driving frequency, and plasma treatment time. These factors influence the physical-chemical properties of the discharges including formation of primary species (e.g., OH, N 2 , NO, and O) at the gas-liquid interface, electron and heavy-particle temperatures, and secondary species (e.g., H 2 O 2 , -NO , 2 and -NO 3 ) concentrations into the liquid phase which ultimately affect the liquid properties. In particular, higher water vapor concentrations at the gas-liquid interface not only induce variations in the physical processes but also stimulate the plasma chemistry which initiates different chemical reactions with dissolving of the primary species into liquid. This is one of the reasons why the studies on the characteristics of the discharges in contact with liquids have attracted much attention of the researchers recently, especially focusing on the plasma features in the vicinity of the gasliquid interface [2, [7] [8] [9] [10] [11] [12] [13] .
From the aspect of applications, these chemically reactive species produced during discharges are demanding in various fields. For example, OH and H 2 O 2 radicals are highly reactive [14] [15] [16] [17] and responsible for the advanced oxidation processes [16] results in the removal of organic contamination from polluted water [16, 17] ; NO diffusion through most of tissues makes it suitable for tissue/wound healing [18] ; O is an effective agent for cell destructions and for liquid disinfections [19] ; -NO 2 induces cell apoptosis through DNA damages and can be employed for cancer therapy [20, 21] ; while -NO 3 is an important fertilizer for stimulating growth of plants [3, 22] . From the aspect of fundamental studies on the discharge itself, the complicated physical-chemical processes involving water vapor with high concentrations at the gasliquid interface make the control of plasma key parameters and the formation mechanisms of primary species more challenging [7, 9, 23, 24] . In addition, the changes in the concentrations of secondary species in the liquid phase with increasing discharge time using various plasma forming gases are important due to their application diversity in numerous fields [2, 3] . And this also provides insights in understanding various chemical reactions into liquid initiated by plasmas in the gas-liquid environment. For the discharges in contact with liquid, the chemically reactive species upon dissolving into the liquid phase can change the liquid pH values and electrical conductivities, which affects the formation of secondary species by stimulating certain chemical processes in the liquid phase. This makes the plasma-liquid interaction be much more complicated. Recently, the secondary species concentrations were measured as a function of different gas compositions (e.g., 20% O 2 in N 2 or 20% O 2 in Ar) in a pulsed discharge with a 50 Hz repetition frequency and a high voltage pulse of 27 kV in a solution with constant pH values 3.3, 6.9 and 10.1. The experimental results showed that, with the prolongation of the discharge time, the concentrations of H 2 [2] . In another application-oriented study, effects of plasma activated water has been investigated on the plant growth rate, in which thermal and non-thermal discharges in contact with or into the water led to the formation of H 2 O 2 , -NO 2 and -NO 3 species, accompanied by a decrease of the pH values [3] .
In addition, the spectroscopic methods for estimating gas temperatures (T gas ) using the rotational temperatures of OH (A-X) or N 2 (C-B) bands are still one of the hot topics for the case of discharges with higher water vapor concentrations. The experimental study in [12] have shown the identical values of T rot from both the OH (A-X) and N 2 (C-B) bands in the positive column of the atmospheric air discharges using a pin-to-water electrode configuration. While the measured values of T rot from the OH (A-X) band are higher than those from the N 2 (C-B) band in the near cathode region, which proposes a question on how to accurately estimate the gas temperatures based on the spectroscopic methods. The similar situations also occur for the measurements of the gas temperatures in the region near the cathode for the atmospheric air discharges generated between a metallic anode and a flowing electrolyte solution cathode and in a saturated water vapor environment [13] . While in some other studies as of [25, 26] , the values of T rot from the N 2 (C-B) band were used to estimate the gas temperatures for the atmospheric air discharges in contact with liquids.
Therefore, the goal of this study is to investigate the characteristics of the AC-excited helium discharges in contact with liquid electrode as illustrated in section 2 under different operating conditions. The experimental studies include the current-voltage characteristics, the discharge emission patterns, and the spatial distributions of emission intensities and rotational temperatures just after initiation of the discharges in section 3, and temporal behaviors of the electrical and liquid characteristics, discharge emission patterns and the secondary species concentrations with the discharge time in section 4, accompanied by the conclusions in section 5.
Experimental setup
The experimental setup and the relative position of the discharge cell to the surface of the de-ionized (DI) water are illustrated in figures 1(a) and (b), respectively. For the discharge cell, a metallic syringe needle electrode is located coaxially in a conical quartz tube, where the position of the needle tip is fixed at 12.0 mm away from the outlet of the conical quartz tube. The electrode gap spacing (L gap ) is defined as the distance between the needle tip and DI water surface, while the relative distance between the conical tube exit and the DI water surface is denoted as L + ; thus, we have the relationship L gap (mm)=L + +12.0 (mm). The discharge cell is mounted in a chamber having a volume of 960 cm 3 which is filled up to 400 ml with the fresh DI water (σ 0 =20 μS cm −1 ) before experiments. An external cooling system is connected to the chamber to keep the water temperature below 25°C during experiments. The needle electrode is connected to an AC power supply with a driving frequency of f=22 kHz (CTP-2000K, Nanjing Suman Electronics Corp.), while the DI water works as a grounded electrode. Helium with a high purity of 99.99% is used as the plasma forming gas, and is issued into the discharge region through the hollow needle electrode. The helium flow rate is fixed at Q=0.4 slpm for all the experiments in this study. The electrical characteristics of the discharges are measured by a high voltage probe (Tektronix P6015A) and a current probe (Tektronix TCP0030A) through a digital oscilloscope (Tektronix DPO4034). The optical emission of the discharges is collected by using an optical fiber connected to a spectrometer (Avantes, Avaspec Multi-Channel Spectrometer) with 2400 grooves mm −1 gratings having a 0.04-0.07 nm resolution. The spectrometer integration time is fixed at 1000 ms for the measurements in this study. To acquire the spatially resolved optical emission spectra of the discharges, a convex lens and a filed diaphragm are placed between the plasma reactor and the optical fiber which is located on a two-dimensional translational precision stage (GCD-202100M and GCD-203100 M, China Daheng Group, Inc.) with a positioning precision of 0.01 mm. As shown in figure 1(c), the spatial resolution of this optical emission spectroscopy system is 1.0 mm.
The concentrations of the secondary species (e.g., H 2 O 2 , -NO , 2 and -NO 3 ) in the liquid phase are determined by using the spectrophotometric methods [27, 28] . The details are as follows: (i) the H 2 O 2 concentrations are obtained based on the chemical reaction of H 2 O 2 with Ti 4+ , which results in an orange complex and obeys the Beer's law. In this technique, 1.6 ml of 2.0 mol l −1 sulfate acid and 1.6 ml of titanium potassium oxalate solutions are added sequentially into a Colorimetric tube which contains 2.0 ml liquid sample; then, the DI water is added until the total volume of the solution reaches 10.0 ml; and then, after 10 min, the absorbance of the solution is obtained using the spectrophotometer at 400 nm; and finally, the concentration of H 2 O 2 is obtained based on the calibration curve. (ii) By mixing 3.0 ml treated sample with 1.0 ml color reagent (100.0 ml 85% phosphoric acid, 10.0 g Sulfanilamide and 1.0 g N-(1-naphthyl)-ethylenediamine dihydrochloride in 1.0 l water) in a Colorimetric tube first; then, adding the DI water until the total volume of the solution reaches 50.0 ml; and then, the solution absorbance is measured after 20 min using a spectrophotometer at a wavelength of 540 nm; and finally, the -NO 2 concentration is calculated through the calibration curve which obeys the Beer's law. (iii) In order to measure the concentrations of -NO , 3 1.0 ml of 1.0 mol l −1 HCL and 0.1 ml of 0.8% sulfamic acid solutions are mixed consecutively into 3.0 ml of water sample in a Colorimetric tube, and keep the total volume of the solution be 25.0 ml by adding DI water; and then, the absorbance of the solution is taken through the ultraviolet spectrophotometer after 10 min. Since the dissolved organics show maximum at 220 and 275 nm, while -NO 3 only absorbs at 220 nm, thus, in order to get rid of the interference from the other dissolved organics, the reading at 275 nm is subtracted two times from the reading at 220 nm [28] ; and finally, the -NO 3 concentration can be obtained through the calibration curve, which also obeys the Beer's law.
Characteristics of the discharges just after discharge initiation

Current-voltage characteristics and the discharge emission patterns
The current-voltage characteristics with an initial electrical conductivity of the DI water σ 0 =20 μS cm −1 , under different electrode gap spacings (L gap ) are shown in figure 2 , where V d and I d represent the peak values of the discharge voltage and current, respectively. It is seen that: (i) the discharge first appears near the needle tip at V d =1260 V and I d =3 mA at a fixed gap spacing L gap =17.0 mm as shown in figure 2(a) . With increasing in the discharge current, it expands gradually to occupy more space between the needle tip and the liquid surface. At this stage, it is diffuse and seems glow-like with a very weak optical emission as shown in figure 2(b). The discharge occupies entire gap spacing at V d =1422 V and I d =5 mA. With continuous increase of the discharge current from 5 to 50 mA, it appears like a constricted channel with an obvious increase of the emission intensity, especially in the region near the needle tip as illustrated in figures 2(c) and (d). This results from the stronger electric field in the vicinity of the needle tip at a higher discharge current [29] . (ii) Correspondingly, the diameters of the cone-shaped discharge structure near the gas-liquid interface also increase with increasing in the discharge current. (iii) At a fixed electrode gap spacing (e.g., L gap =17.0 mm), the discharge voltage increases with the discharge current. While under the same discharge current, the discharge voltage increases with the lengthening of the electrode gap spacing. In addition, the purple color of the discharges near the gasliquid interface indicates the existence of N 2 diffusion into the discharge region from the ambient air since the discharge operates in an open atmosphere.
The current-voltage waveforms corresponding to the cases in figures 2(b)-(d) are presented in figures 3(a)-(c), respectively. It is seen that: (i) the current waveform corresponding to the case of figure 2(b) contains weak multiple current peaks ( figure 3(a) ), and the discharge appearance is glow-like. This discharge behavior is observed in experiments under the discharge current ranging from I d =3-5 mA.
(ii) With an increase of the discharge current until 40 mA, a current pulsation appears at the beginning of the waveform positive half cycle ( figure 3(b) ). This indicates that the discharge turns into a streamer-like discharge mode ( figure 2(c) ). The similar characteristics were also observed for an ACexcited air-water discharges in helium environment [30] . (iii) Further increase of the discharge current results in shortening of the current pulsation duration and decreasing of the pulsation amplitude, and even completely disappears at a higher discharge current of 42 mA ( figure 3(c) ). This indicates that the ionization degree of the discharges increases with the increase of the discharge current.
3.2. Optical emission spectrum near the gas-liquid interface Figure 4 shows the optical emission spectrum from the coneshaped discharge structure at the gas-liquid interface (the optical fiber is located just above and parallel to the water surface) with the power input is also observed in the range of 388-392 nm. The atomic oxygen (O) is a highly active agent in destroying cells, chemical or biological contaminations. The OH species with the high oxidation potential of 2.85 V are also important in the advanced oxidation processes for the removal of organic substances from the waste water. It is also the primary species for the formation of H 2 O 2 which is another important species to remove the organic contamination from the waste water. In addition, the existence of NO in the gas phase region set the basis for the formation of -NO 2 and -NO 3 in the liquid phase, which are useful in the fields of biomedicine and agriculture.
The formation of the preceding chemically reactive species can be described by the chemical reaction pathways, (R1)-(R11). The diffusion of N 2 into the discharge region from the surrounding air favors the production of NO γ (A-X) by suppressing OH and O species (reactions (R1)-(R3)) [31] , while nitrogen second positive system N 2 (C-B) in the emission spectrum comes from the pooling reaction between the N 2 metastable states, and with the electron impact excitation of N 2 ((R4) and (R5)) [32, 33] , and with the dissociative electron recombination which leads to production of OH (X), and then, to excitation to OH (A) through the electron impact reaction ((R7)-(R9)) [36] . In addition, the He meta collisions with H 2 O molecules can also lead to the formation of OH (A-X) via direct dissociative excitation due to the higher potential energy (19.8 eV) of He meta (R10) [37] . The occurrence of the atomic O line in the emission spectrum is due to the electron impact dissociation (R11) [38] . 
Spatial distributions of emission intensities and temperatures
In this study, the rotational (T rot ) and vibrational (T vib ) temperatures are derived from the measured optical emission spectrum of the discharges. There are two methods for the determination of the rotational temperatures (T rot ). The first method is based on the OH (A-X) band, which employs the relative intensity of the unresolved band heads G 0 , G 1 , and G ref at 306.5 nm, 306.8 nm, and 309.0 nm [39] , respectively, as shown in the inset of figure 4 . In the present study, the ratios G 0 /G ref are used for estimation of the T rot from the tables provided in [39] , which was validated by the interferometric measurements elsewhere [40] . The second method employs the N 2 (C-B) band by fitting the experimental spectrum for (0, 0) transition located at 337.0 nm with the synthetic spectrum generated by using the simulations with the SPECAIR code [41] . In addition, the SPECAIR code also provides the value of T vib [42] . The estimated rotational temperature from the (0, 0) transition at 337.0 nm agrees with the experimental accuracy of the N 2 (C-B) band for (0, 2) transition at 380.4 nm [9] . A SPECAIR fit to a typical spectrum recorded for the discharge region near the gas-liquid interface with P in =26 W is presented in figure 5 with the derived rotational and vibrational temperatures of 870 K and 2000 K, respectively. The spatially resolved profiles of the emission intensities of OH (A-X) band at 309.0 nm, N 2 (C-B) band at 337.0 nm, NO γ (A-X) band at 236.0 nm and atomic O line at 777.2 nm along the geometrical axis of the discharge cell just after initiation of the discharge under the same operating conditions as those in figure 4 are shown in figure 6(a) . It shows that the optical emissions of N 2 (C-B) and NO γ (A-X) bands corresponding to the discharge region are low and constant since the discharges are enclosed inside the conical tube with no air entrainment. At the outside of the conical quartz tube, the emission intensities of the N 2 (C-B) and NO γ (A-X) bands increase, while at the same time, those of OH (A-X) and O decrease obviously. This phenomenon results from the engulfment of the surrounding air between the conical quartz tube exit and the water surface, which favors the formation of NO γ (A-X) by suppressing OH and O species ((R1)-(R3)) as discussed in section 3.2 [31] . Near the gas-liquid interface, the maximum emission intensities of NO γ (A-X) and N 2 (C-B), and simultaneously the minimum intensities from OH (A-X) and O, indicate that there exists very active discharge chemistry in this region, which suits well for the formation of (ii) With approaching the water surface, the T rot of OH (A-X) increases from 885 to 1270 K, especially with a significant increase in the vicinity of the gas-liquid interface; while the variation of T rot of N 2 (C-B) band is very small. In our opinion, the higher water vapor concentration in the vicinity of the gas-liquid interface will boost up the OH quenching, which leads to an inefficient rotational energy transfer, and thus, prevents the thermalization of the rotational population distribution resulting in the higher values of T rot from the OH (A-X) band than that from the N 2 (C-B) band [24] . Therefore, the selection of N 2 (C-B) band, to our opinion, should be a better choice for the determination of T gas in this study.
Variations of the rotational and vibrational temperatures from the N 2 (C-B) band at the gas-liquid interface with increasing in the discharge current are shown in figure 7 . It shows that both the rotational and vibrational temperatures increase from 785 K to 1055 K and from 1890 K to 2300 K, respectively. This growing tendency of the temperatures with the increase of the discharge current indicates that the physical-chemical processes become stronger under the higher discharge current magnitudes at the gas-liquid interface.
Temporal behaviors of the discharges
The temporal evolutions of the discharge voltage (V d ) and current (I d ) with the discharge time (t d ) for the case of
.0 mm and σ 0 =20 μS cm −1 are shown in figure 8(a) . It is shown that starting from the initiation of the discharge, the discharge voltage decreases from 1840 to 1350 V, while the value of I d increases from 38 to 51 mA during the 120 min discharge process. At the same time, the considerable changes in the pH values and the liquid electrical conductivities (σ) also occur, as shown in figure 8(b) . During the discharges, the pH values of the liquid decrease from 7.5 to 3.2 accompanied by an increase of the electrical conductivities from 20 to 440 μS cm −1 . Accompanied with the variations of the electrical features and the properties of the liquid, the emission patterns of the discharges also show an obvious change with the discharge time. As shown in figure 9 , with the extending of the discharge time (t d ), the diameter of the cone-shaped discharge structure at the gas-liquid interface decreases. The changes in the pH value and σ indicate the variations of the liquid properties with the formation of the new species in the liquid phase, e.g., H 2 O 2 , -NO , 2 and -NO . 3 The variations of the electrical conductivities are the result of HNO 3 formation, since the NO species produced in the gas phase lead to the formation of the acidic products in the liquid phase via the reactions (R12)-(R15) [2, 22, 31] , which will be discussed later. And the variation of the electrical conductivity also gives an explanation to the increase of the discharge current since the initiation of the discharges. In this section, the concentrations of H 2 O 2 , -NO 2 and -NO 3 are obtained by using the Colorimetric methods [27, 28] as described in detail in section 2. A spectrophotometer is used to determine the solution absorbance, and the final concentrations are obtained from the calibration curves, which follow the Beer's law. It should be emphasized that the treated samples are immediately analyzed after collecting from the solution chamber.
To understand the formation chemistry of the secondary species, a schematic of the chemical reaction processes in both the gas and liquid phases is presented in figure 10 . It shows that, outside the conical tube, the surrounding air boosts up the chemical processes in the plasma region; as a consequence, the reactive nitrogen species such as NO increases. This has been proved by the spatial profiles of the optical emissions from plasmas in section 3.3. As shown in figure 10 , the generated NO species are either converted into NO 2 via reacting with N 2 and O in the gas phase discharges or penetrate directly into the liquid and induce further chemical reactions; while the generated NO 2 figure 10 . Figure 11 The reactions (R12)-(R15) [2, 22, 31] show the formation processes of -NO 2 and -NO 3 via NO species. While reaction (R16) represents the production of H 2 O 2 species via OH recombination process [43] . It is seen from figure 11 that the instantaneous concentrations of the secondary species vary considerably with t d . At the early stage of the discharges, the concentrations of [44] . Therefore, on one hand, the liquid acidification with t d is helpful for the formation of -NO , 3 while on the other hand, it reduces the concentrations of H 2 O 2 and -NO , 2 since the chemical reactions (R17) and (R18) can only be stimulated in the acidic environment. Apart from these, the decreasing concentrations of H 2 O 2 and -NO 2 with t d can also be explained based on the optical emission patterns, in which the diameter of the cone-shaped discharge structure at the gas-liquid interface decreases (figure 9). The shrink of the discharge channel results in the formation reduction of the primary species such as OH and NO, which further leads to the lowering of the production of H 2 O 2 and -NO 2 via the reactions (R12), (R15) and (R16).
Concluding remarks
In this paper, the AC-excited helium discharges generated in contact with the DI water electrode are investigated. The major conclusions are as follows:
(1) The experimental results just after initiation of the discharges show that: (i) for the fixed gap spacing, increase of the discharge current results in the increase of the discharge voltage and the diameter of the coneshaped discharge structure at the gas-liquid interface.
(ii) In the vicinity of the gas-liquid interface, the presence of surrounding air and water vapor boosts up various physical-chemical processes. Although these experimental results are helpful for understanding the physical characteristics of the discharges in Figure 9 . The discharge images as a function of t d recorded under the exposure time of t Exp =40 ms and P in =26 W. contact with liquids, especially for understanding the formation mechanisms of various primary and secondary species during discharges, the influences of the surrounding air, which may diffuse into the gas-phase discharge region or dissolve into liquid, on the discharge mechanisms and characteristics of plasmas need to be investigated systematically in future research. This would be vital for promoting potential applications of such type of discharges in the fields of environment, biomedicine, agriculture, etc.
